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Abstract Long waves generated by a moving atmospheric pressure distribution, associated with a
storm, in coastal region are investigated numerically. For simplicity the moving atmospheric pressure
is assumed to be moving only in the alongshore direction and the beach slope is assumed to be
a constant in the on-oﬀshore direction. By solving the linear shallow water equations we obtain
numerical solutions for a wide range of physical parameters, including storm size (2a), storm speed
(U), and beach slope (α). Based on the numerical results, it is determined that edge wave packets
are generated if the storm speed is equal to or greater than the critical velocity, Ucr, which is
deﬁned as the phase speed of the fundamental edge wave mode whose wavelength is scaled by the
width of the storm size. The length and the location of the positively moving edge wave packet is
roughly Ut/2 ≤ y ≤ Ut, where y is in the alongshore direction and t is the time. Once the edge
wave packet is generated, the wavelength is the same as that of the fundamental edge wave mode
corresponding to the storm speed and is independent of the storm size, which can, however, aﬀect
the wave amplitude. When the storm speed is less than the critical velocity, the primary surface
signature is a depression directly correlated to the atmospheric pressure distribution. c© 2012 The
Chinese Society of Theoretical and Applied Mechanics. [doi:10.1063/2.1204201]
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numerical solutions
It has been reported that hurricanes and other sim-
ilar atmospheric phenomena traveling approximately
parallel to a coastline sometimes generate large-scale
wave motions.1 These waves propagate along the coast-
line and are essentially conﬁned within a distance of
one wavelength from the coast (hence the name “edge
waves”); typically these waves have wavelengths mea-
sured in kilometers, amplitudes measured in meters,
and periods measured in hours. Analytical solutions for
a set of edge wave modes over a constant beach slope
were ﬁrst obtained by Ursell2 and, for a shallow water
approximation, by Eckart.3 Their amplitude generally
decreases oﬀshore and the mode number corresponds to
the number of nodal lines of sea surface parallel with the
coastline. There is also a zero edge wave mode, some-
times called the Stokes or fundamental mode4 with no
nodal lines and the free surface disturbance exponen-
tially decaying oﬀshore; the waves induced by a mov-
ing pressure distribution correspond to the fundamen-
tal mode. Greenspan5 employed the method of Fourier
and Laplace transforms and found analytical solutions
for diﬀerent atmospheric pressure distributions. After
lengthy and skillful manipulations Greenspan5 was able
to show that the asymptotic expressions of sea sur-
face elevation indeed demonstrate the properties of edge
wave packet. However, Greenspan’s solutions did not
provide a clear condition under which the edge wave
packet will actually occur.
This paper presents a set of numerical experiments
whose primary objective is to deduce the critical condi-
a)Corresponding author. Email: pll3@cornell.edu.
tion for generating edge wave packet by a moving atmo-
spheric pressure distribution with respect to the storm
moving speed, storm size and the beach slope. Numer-
ical results are also used to examine the relationship
between storm parameters and properties of generated
waves. In the rest of the paper, we will ﬁrst discuss
general linear shallow water wave equations. We then
summarize numerical experiments and results.
Deﬁning η(x, y, t) as the free surface elevation,
P (x, y, t) = hu and Q(x, y, t) = hv as the depth-
averaged horizontal volume ﬂuxes, respectively, with h
being the water depth, u(x, y, t) and v(x, y, t) the depth-
averaged horizontal velocity, the linear shallow water
wave equations can be expressed as
∂η
∂t
+
∂P
∂x
+
∂Q
∂y
= 0, (1)
∂P
∂t
+ gh
∂η
∂x
= −h
ρ
∂pa
∂x
, (2)
∂Q
∂t
+ gh
∂η
∂y
= −h
ρ
∂pa
∂y
, (3)
in which pa denotes the atmospheric pressure distribu-
tion.
Many numerical algorithms are available for solv-
ing the shallow water equations. In this paper we will
employ the numerical model, called COMCOT model
(cornell multi-grid coupled Tsunami model), which uses
the leap-frog ﬁnite-diﬀerence algorithm. COMCOT has
been successfully applied to many long wave propaga-
tion and run up problems.6–12 We note that the original
COMCOT model was developed for simulating earth-
quake generated tsunamis. However, the capability of
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the model has been expanded by many researchers to
include additional wave generation mechanisms.
A series of numerical experiments are carried out
to examine the conditions required for generating edge
waves packet and its fundamental characteristics. Us-
ing the coordinate system where x-axis is pointing in the
oﬀshore direction and y-axis coincides with the coast-
line, we consider a coastal region with a uniform slope,
α, so that the water depth is described as h = αx. The
computational domain is deﬁned as: −104 km ≤ y ≤
104 km and 0 ≤ x ≤ 103 km.
An atmospheric pressure is moving along the shore-
line, x = 0, with the following description
pa = p0
[
1− e−t/t0
]
exp
[
−x
2 + (y − Ut)2
a2
]
, (4)
where p0 represents the magnitude of the moving pres-
sure disturbance, which is traveling with a constant ve-
locity U in the alongshore direction. The spatial dis-
tribution of the moving pressure is in bell-shape with
eﬀective radius “a”. The center of the moving pres-
sure coincides with the shoreline. Finally, the moving
pressure is ramped up in time with a prescribed time
scale “t0” and its magnitude is ﬁxed in all experiments
(p0 = 2× 103 Pa).
In the numerical experiments, the speed of the mov-
ing pressure, U , the shelf slope, α, and the radius of the
pressure distribution, a, are varied to gain insights of
the physical processes.
To perform numerical computations, open bound-
ary conditions are applied at three boundaries except
for the coastline. Along the coastline (x = 0), the
water depth is 0, so a wall boundary condition is ap-
plied and we will look at the water elevation a small
distance oﬀshore. An alternative boundary condition
is to assume a small water depth (e.g. 0.1m) and ap-
ply an open boundary condition. These two bound-
ary conditions produced very similar solutions. In the
remainder of the paper, we shall only present the re-
sults when the zero free surface elevation condition is
employed along the shoreline. Numerical convergence
tests for using diﬀerent grid sizes and time step size
have also been performed. For the numerical results
presented herein the following grid sizes and time step
size: Δx = Δy = 10 km and Δt = 20 s, are employed.
It is known that the free wave solution consists of
various edge wave modes, which has the following dis-
persion relation being expressed in terms of the phase
speed Cn
Cn =
ω
kn
=
√
(2n+ 1)
gα
kn
, n = 0, 1, 2, · · ·. (5)
The fundamental edge wave mode corresponds to n = 0
and has the phase velocity
C0 =
ω
k0
=
√
gα
k0
. (6)
Our hypothesis on the critical condition for generating
edge waves packet is that the critical (minimum) storm
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Fig. 1. Contours of sea surface elevations at: (a) t = 4 ×
104 s; (b) t = 8×104 s; (c) t = 1.2×105 s; and (d) t = 1.6×
105 s. The shelf slope is α = 1/400, the pressure distribution
has a radius of a = 200 km and it is moving with a speed of
U = 50 m/s.
speed, Ucr, is the phase speed of the fundamental edge
wave whose wavelength is the width of the pressure dis-
turbance, 2a. Thus, from Eq. (6) we have
Ucr =
√
gaα
π
. (7)
We further hypothesize the wavelength of the edge wave
packet is determined by
λ =
2πU2
gα
. (8)
We remark here that this is equivalent to the phe-
nomenon of Proudman resonance.13
To demonstrate the general features of waves gen-
erated by a moving atmospheric pressure distribution,
we show the results of the baseline cases with the fol-
lowing physical variables: a = 200 km, α = 1/400,
p0 = 2000 Pa, and t0 = 10 000 s, which give that
Ucr = 39.49 m/s from Eq. (7). Two diﬀerent moving
speeds are used: U = 50 m/s and U = 30 m/s, respec-
tively. Therefore, for the case where U = 50 m/s >
Ucr, we anticipate that a fundamental edge wave mode
packet with a wavelength λ = 641 km will be induced.
On the other hand, in the case of U = 30 m/s < Ucr no
edge wave packet will be generated.
In Fig. 1 several snapshots of sea surface elevation
inside the domain are shown. It is clear that a wave
packet is developed, trailing the moving pressure. For
example, at t = 1.6 × 105 s, the center of the moving
pressure is located at y = Ut = 8 × 103 km. The wave
pattern shows that a wave packet appears in the region,
4 × 103 km ≤ y ≤ 8 × 103 km, which corresponds to
0.5Ut ≤ y ≤ Ut, as predicted by Greenspan’s theory.5
To illustrate this feature more clearly we plot the
snapshots of the surface proﬁles along alongshore cross
section, x = 10 km, at diﬀerent times in Fig. 2. From
these ﬁgures the development and evolution of the wave
packet are clearly demonstrated. It is also clear that at
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Fig. 2. Snapshots of sea surface elevations along x = 10 km
at: (a) t = 4×104 s; (b) t = 8×104 s; (c) t = 1.2×105 s; and
(d) t = 1.6× 105 s. Parameters are the same as in Fig. 1.
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Fig. 3. Snapshot of on-oﬀshore sea surface elevations at y =
7.56×103 km at t = 1.6×105 s. A best ﬁtted curve is shown
in dashed line, which has a decay factor of 1/k0 = 108 km
that is close to 1/k0 = 102 km predicted by fundamental
edge wave mode. Parameters are the same as in Fig. 1.
t = 1.6 × 105 s the wavelength of waves in the wave
packet is slightly larger than 600 km, which is close to
the wavelength of the fundamental edge mode, 641 km.
To ensure that the generated wave packet is indeed
the fundamental edge wave mode, we plot the cross-
shore wave proﬁle along y = 7.56× 103 km at t = 1.6×
105 s in Fig. 3. The cross-shore sea surface proﬁle of
the fundamental edge-mode is an exponential function
with the decay rate of 1/k0 = 108 km, which is in good
agreement with the theoretically predicted decay rate
of 1/k0 = 102 km.
For the case where U = 30 m/s, which is smaller
than the critical speed, Ucr = 39.49 m/s, with the pre-
scribed a and α values, the generated wave patterns
are strikingly diﬀerent from those for U = 50 m/s (see
Fig. 4). First of all no edge wave packet is generated, the
dominating feature is a sea surface depression created
by the moving atmospheric pressure, which is absent in
the case of U = 50 m/s. In front and behind of the
sea surface depression there are two smaller wave pack-
ets. We point out that the wave amplitudes in the wave
packets are one order smaller than that of the depres-
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Fig. 4. Sea surface elevations along x = 10 km at t =
16×104 s for the case of U = 30 m/s. Other parameters are
the same as in Fig. 1.
sion wave. We also note that the wave packet in front
the sea surface depression is generated by the initial
process of ramping up the moving surface pressure.
Several more numerical experiments with diﬀerent
storm speeds, 10 m/s ≤ U ≤ 70 m/s, storm sizes,
200 km ≤ 2a ≤ 800 km, and beach slopes, 1/400 ≤
α ≤ 1/200 have been carried out. Numerical results es-
sentially conﬁrm the hypothesis that the critical (min-
imum) storm speed required to generate fundamental
mode edge waves, is the same as the phase speed of the
fundamental mode edge wave whose wavelength is equal
to the width of the pressure disturbance, 2a, i.e., from
Eq. (7), U = Ucr. Figure 5 summarizes all the numeri-
cal results with respect to the condition for generating
edge wave packet. In the ﬁgure the dashed line repre-
sents the critical condition, Eq. (7). In the region above
the dash line edge wave packet is indeed generated.
We have hypothesized that as long as the genera-
tion condition is satisﬁed, U ≥ Ucr, the wavelength is
determined by the fundamental edge wave mode Eq. (8),
and is independent of the storm size, 2a. To illustrate
this point, Fig. 6 shows snapshots of water surface ele-
vations for three edge wave packets generated by three
diﬀerent storm sizes, a = 100 km, 200 km, and 400 km,
respectively. For all three cases, the storm speed and
the beach slope are the same, i.e. U = 70 m/s and
α = 1/400. The corresponding critical velocities for
three diﬀerent storm sizes can be calculated from Eq. (7)
to give 28 m/s, 40 m/s and 56 m/s, respectively, which
are smaller than the storm velocity, 70 m/s. Thus, edge
wave packets are indeed generated with the same wave-
length. However, it is obvious that the storm size aﬀects
wave amplitudes.
Through numerical experiments, we demonstrated
that the critical storm speed for generating a edge wave
packet is given in Eq. (7). The required critical speed
is larger for a larger size of storm. When the storm
speed is greater than the critical speed, the gener-
ated edge wave packet consists of fundamental mode
edge waves whose wavelength is determined by Eq. (8),
which is independent of the storm size. The edge wave
packet is moving with the storm and can be located at
Ut/2 ≤ y ≤ Ut along the coast. In other words, it is
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Fig. 5. Edge wave packet is generated if 2πU2/gα ≥ 2a.
Dot: edge waves generated; cross: edge waves not generated.
The shelf slope is α = 1/400.
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Fig. 6. Sea surface elevations at x = 10 km at t = 105 s.
U = 70 m/s and α = 1/400. Dash-dot: a = 100 km, dashed:
a = 200 km, solid: a = 400 km.
always trailing behind the center of the storm with a
length of Ut/2, growing linearly in time. Finally, we
remark here that we have conducted numerical experi-
ments in estimating the importance of nonlinearity by
solving the nonlinear shallow water equations. Our nu-
merical results show that although the nonlinear eﬀect
would aﬀect the wave amplitude predictions along the
shoreline, the overall characteristics of the edge wave
generation are not altered.
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